The ability to effectively characterize Fresnel lenses over large areas is essential to verifying their system performance and efficiency for concentrating photovoltaics and solar thermal systems. Under high concentration, it becomes challenging to perform detailed spatial and spectral measurements under full sun conditions. We have developed a method to characterize large Fresnel lenses with unknown optical qualities for concentrating solar applications. Our Lens Characterization Unit (LCU) analyzes the resultant pattern of an incident laser beam which may be scanned across the lens. Using the LCU, we can evaluate the portion of refracted light that is concentrated on the receiver area at each incidence point.
INTRODUCTION
Due to the inexpensive and lightweight nature of Fresnel lenses, they are key components in many solar energy concentration systems. Fresnel lenses offer a viable alternative to solar concentration using mirrors 1 . In an attempt to reduce expense, we chose to purchase and repurpose a large Fresnel lens which, most likely, had previously been used in a rear-projection television 2 . This Fresnel lens, like many other large Fresnel lenses, did not have any identification markings or specifications which could be used to model the optical characteristics necessary for repurposing the lenses for solar concentration applications. As such, we sought to create a method by which to analyze commercial, off-theshelf Fresnel lenses and determine their optical characteristics. This paper concerns an inexpensive method of characterizing Fresnel lenses of various sizes using our Lens Characterization Unit (LCU). Fresnel lenses have previously been characterized in controlled indoor settings which have employed solar simulators and other relatively expensive technology to produce detailed lens analysis of optical qualities 3 6 . Alternatively, point focus Fresnel lenses have been thermally characterized for a variety of incident irradiances, wavelengths, and temperatures 4 . 3M has also conducted production scale lens efficiency testing and produced technical data sheets to provide information for expected factors impacting concentrating Fresnel lens efficiency 5 . We approached the problem of lens characterization with the aim to characterize the lens in an inexpensive way, using off-the-shelf parts. Our research into alternative methods of lens characterization was first begun in an attempt to characterize lenses in a more controlled environment than the outdoors with natural sunlight and with more inexpensive tools than broadband solar simulators. By characterizing the lens, we are better able to optimize our solar concentration systems using repurposed lenses.
METHODOLOGY
Our Lens Characterization Unit (LCU) is comprised of four major components: a laser position xy-scanner, Fresnel lens, diffuser, and camera. The principle concept behind the LCU is to direct a collimated laser beam orthogonal to the lens and then capture the resulting intensity pattern falling on the diffuser with the camera. By capturing two images of resulting intensity patterns on the diffuser, one with the lens in place and another with the lens removed, we are able to characterize the point on the lens through which the laser refracts. By varying the laser position relative to the lens, we are able to characterize larger sections of the lens and extrapolate the results to characterize the whole lens. By varying the distance between the lens and the diffuser, referred to in this paper as the image distance, we can determine optical characteristics of the lens.
A key concept of our method was the use of symmetry to vastly reduce the number of images required per lens. By using the symmetry of the lenses, we were able to scan and capture the resulting intensity patterns of a grid of points on one quarter of the lens as opposed to the entire lens. This significantly reduces the number of laser positions and images required, which is, in turn, a useful time-saving measure.
Our laser po center conne where the las the threaded using an Ard motor steps p of movement the xy-scann was a 635nm portion of the Along the x axis, some spreading is present, but the high intensity light remains relatively localized. The spreading along the y-axis was most likely incorporated into the design of the Fresnel lens for purposes related to the rear projection television.
The FWHM distances and intensity percentages found provide information that can be used to better design the shape and size of the thermal receiver or photovoltaic cells. Analysis of intensity produced Tables 1 and 2 , which show the percentage of incident intensity that fell within a circular target area 6.7" in diameter. The shape of the target area was based on early analysis of intensity for (0,0) laser positions, which found that nearly 100% of incident light intensity was found within this target area size and shape. Laser positions further from the center of lens produced less intensity within the target region, with less total intensity on the diffuser and also larger intensity patterns that did not fall within the target area. Image distance was also a factor as the 25 image distance intensities were very low, as most of the light was unable to reach the target area. The 32 inch image distance appears to have had the greatest intensity percentages. Additional testing is required to verify this, as the laser position grid was different from the pattern used for other image distance sets. Analysis of the FWHM shows where the most intense light is found. With the laser at the center of the lens and the image distance at 32 inches, the normalized maximum intensity was 0.992 with a maximum vertical FWHM of 2.54 inches and a maximum horizontal FWHM length of 2.00 inches. The images captured while the laser was further away from the lens center had maximum vertical FWHM lengths that were larger than the maximum vertical FWHM lengths from images with the laser at (0,0) and smaller maximum horizontal FWHM lengths than the maximum horizontal FWHM lengths from images with the laser at (0,0). Table 1 . The corresponding intensity percentages of a circular region 6.7" in diameter compared to the lens as a whole.
inch Image

inch Image Distance 34 inch Image Distance
Laser Position 0,0 10,0 0,10 10,10 0,0 0,12.5 16,0 16,12.5
Intensity (%) 100 81.3 67.5 71.0 97.7 66.6 73.4 58.6 Table 2 . The corresponding intensity percentages of a circular region 6.7" in diameter compared to the lens as a whole.
Correct orientation was found to be essential for optimizing concentration efficiency, as shown in Figure 4 . The correct orientation of the lens resulted in a well-defined region of high intensity light at a single focus. When the lens was in the reversed orientation, however, the light refracted at unideal angles, causing no single focal region in the image. For example, the refracted light from the (10,10) position is spread along a large area resulting in less concentrated intensity overall for this laser position.
Perhaps most importantly, the images captured from the LCU can also be used to determine the focal length. This technique requires image sets, including images with and without the lens, from at least two different image distances. This means that the refracted light has had enough distance from the lens to cross over the center of the focus and therefore the focal length is greater than 25 inches. Another set of pictures taken with an image distance of 34 inches, showed that the focal length was less than 34 inches because the refracted light was to the left of the center point. By determining the number of pixels between the center of the refracted light and the center of the unrefracted reference light, we were able to determine the distance in inches the center of refracted light was from the center of the unrefracted light and correlate this distance with the image distance. By finding the distances from the focus to the refracted light for 
